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ABSTRACT

A series of meteor-simulation experiments by rocket flights conducted
during 1962 to 1967 produced seven iron and three nickel artificial meteors.
The results from the photographic observations are presented. We have
calculated the values of the luminous-efficiency factor for these meteors and
have derived a relationship between the photographic luminous efficiency

factor Tpg and the velocity for the meteoritic iron and stone.

RESUME

Des séries d'expériences pour simuler des météores par vols de
fusées, faites entre 1962 et 1967, ont produit sept météores arti-
ficiels en fer et trois en nickel. Nous donnons les résultats ob-
tenus a partir d'observations photographiques. Nous avons calcu-
1€ pour ces metéores les valeurs du facteur d'efficacité lumineu-
se et en avons dérivé une relation entre le facteur d'efficacite
lumineuse photographigue Tpg et la vitesse pour le fer et la pier-

’ Id - .
re meteoritiques.

KOHCIIEKT

Bo Bpems paxKeTHHX OIeTOB, OpoBomumex ¢ 1962 mo 1967 r.,
OHyIa MpOoJesaHa CePUS IKCIEPUMEHTOB 10 KWCKYCTBEHHOMY CO3IaHUD
METEeOpPOB: OHJIO IMOJIYUYeFO 7/ Xele3HHX U 3 HUKEJIeBHX METEeOPOB.
llpuBogaTca pesynbTaTH QoTorpaduueckmx HadmomeHuin. Mol [OICUM—
TE&JIU BENUUVHY CBETOBOTO KIIN OJA 3TUX METEOPOB U BHBEIM OTHO—
meHne MeXxny QoTorpaduuecKruM CBETOBHM KII (Tpg) ¥ CKOPOCTBI

MEeTeOPUTHOTO XeJile3a ¥ KaMHA.
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PHOTOGRAPHIC OBSERVATIONS OF 10 ARTIFICIAL METEORS
W. G. Ayers, R. E. McCrosky, and C. -Y. Shao
1. INTRODUCTION

The luminosity of meteors depends, in part, on the meteoroid mass.
Statistical studies of meteors suggest a form of the approximate law relating
luminous energy to kinetic energy in the meteoric process (see, e. g.,
Verniani, 1967). In general, the observations cannot supply information on
the 1:;r0portionality constant, the luminous efficiency. In early studies of
meteors, the value for the luminous efficiency coefficient T was derived
either from theoretical work or from observations of natural meteors. The
various values of T (e. g., 6pik, 1933,1955; Whipple and Hawkins, 1959;
Cook, 1955) differed by as much as two orders of magnitude, and thus one
of the basic parameters in meteor physics was virtually unknown. The value
of T was first determined experimentally from the observations of an
artificial iron meteor of known mass and composition (McCrosky and
Soberman, 1963; hereafter referred to as MS). This experiment and other
more recent studies of this problem, based on the analysis of certain special
natural meteors (Cook, Jacchia, and McCrosky, 196 3) and on laboratory
experiments (Friichtenicht, Slattery, and Tagliaferri, 1968; hereafter FST),

have placed useful limits on the luminosity coefficient.

The Langley Research Center (LLRC), National Aeronautics and Space
Administration (NASA), and the Smithsonian Astrophysical Observatory
(SAO) have conducted a series of rocket-borne artificial-meteor experiments

to confirm the earlier findings and to extend them to different materials and

This research was supported in part by Contract NSR 09-015-033 from the
National Aeronautics and Space Administration.



velocities. This paper presents the results of the measurements of the

photographic luminous efficiency of the artificial meteors.

SAO's participation in the optical observing program included the opera-
tion of a Super-Schmidt camera network. These cameras had been used by
the Harvard College Observatory meteor program in the Southwest (Whipple,
1949) to produce the most extensive and useful photographic observations
of natural meteors to date. A calibration of meteor phenomena as recorded
by these specific instruments was considered a primary goal of the artificial-
meteor program. Thus, the same x-ray (blue-sensitive) film used previously

was also used for most of the artificial meteors.

NASA's participation in the optical observing program included the
operation of a camera network composed of modified aerial and ballistic
cameras. Panchromatic film was used primarily in these cameras to extend

the photographic measurements to longer wavelengths.

Iron and nickel were chosen as the test materials in these experiments.
Emission from both these materials is present in many meteor spectra.
Neutral iron emission is by far the most prominent feature in the blue
portion of spectra obtained from slow natural meteors. Although nickel
is a relatively unimportant contributor to luminosity, it is fairly easy to
launch from a shaped-charge device as an integral body. Other more
interesting elements (e. g., silicon, magnesium, and calcium) present
Jlaunch problems well beyond the state of the art. Thus, criteria based on

importance and simplicity determined the nature of the experiments.



2. EXPERIMENTS

From 1962 to 1967, seven rocket flights were successfully launched
from NASA's Wallops Island Station, Virginia, producing 10 artificial
meteors. Two rocket vehicle systems, the Nike-Cajun and the Trailblazer 2,
were used for this program. The former was employed in four launches,

the latter in three.

Both are multistage solid-fuel rocket systems developed by NASA. The
Nike-Cajun (Figure 1) has six stages and produces two artificial meteors.
It consists of two rocket motors (Nike and Cajun) as booster stages and a
velocity package that contains two separate reentry systems. Each reentry
system consists of a spherical rocket motor (Cygnus 5) and a shaped-charge

accelerator containing the artificial-meteoroid material.

A trajectory for a typical Nike-Cajun flight is shown in Figure 2. The
booster motors lift the velocity package to an apogee distance of about
110 km — an altitude above the height of natural meteors. The reentry sys-
tems are ignited sequentially soon after apogee, propelling the artificial

meteoroids into the earth's atmosphere.

The Trailblazer 2 (Figure 3) vehicle has six stages and produces one
artificial meteor. It has two booster stages (Castor and Thiokol TX-77)
and a velocity package that contains a single reentry system. This reentry
system consists of three rocket motors (Altair X-248, Cygnus 15, and
Cygnus 5) and a shaped-charge accelerator containing the artificial-meteoroid
material. By using several stages in the velocity package, the Trailblazer 2
vehicle is capable of producing reentry velocities several kilometers per
second greater than is possible with the Nike-Cajun. A trajectory for a

typical Trailblazer 2 flight is shown in Figure 4.
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The launches were carried out on dark-moon nights with good trans-
parency for the locale. The reentry area was off the Atlantic coast to the
east of the observing sites. Both NASA and SAO observers made visual and
photoelectric timings of the reentries of the artificial meteors and their
accelerating rockets. The predicted events for each launch were generally
on schedule except for the last Nike-Cajun. For that launch, only one of the

two expected reentries took place.

Table 1 gives some of the data pertinent to the experiments. Data taken
from MS are included for completeness. The masses of the meteoroids given
in Table 1 were determined statistically from ground test of the various types

of shaped-charge accelerators used in the program.

These accelerators were of three general types. In Type I the meteoroid
material was initially in the form of a disk, and in the other two types, in
the form of a cone. Cross-section drawings of the three types are shown in
Figure 5. Flashed x-ray photographs of the three types of artificial
meteoroids taken in ground test are shown in Figure 6. Type I produced the
meteoroid from a portion of a disk of ductile metal with a velocity increment
of approximately 4 km sec_l. At that velocity, the projectile was recover-
able in ground firings. A recovered projectile is shown in Figure 7. The
mass of the projectile could be accurately determined by simply weighing the

recovered particle.

The Type-II accelerator produced the meteoroid from a portion of a
ductile metal cone with a velocity increment of approximately 8. 5 km sec—l
Because of the high velocity, the projectile from this type of accelerator
could not be recovered from ground firings. The masses in this instance
were determined from measurements of flashed x-ray photographs. The
projectiles produced by the conical type of accelerator were more irregular
in shape than those produced by the disk type. Also, a larger amount of
debris was associated with the production of the meteoroid. A portion of
this debris traveled at nearly the same velocity as did the main particle.

Under reentry conditions, the debris produced a halo of luminosity about the
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Aluminum case _\ KMain charge
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Dela lgniter holder
i Booster
squl
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A [/]
l Meteoroid
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(a) Shaped-charge accelerator of the disk type (I).

Booster holder~z Main charge Fiber glass cas Inhibitor
i 7
[ ] P
Booster -
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(b) Shaped-charge accelerator of the conical ductile material type (II).
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T N\ /

L

/=
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material—
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- 20 cm

(¢c) Shaped-charge accelerator of the conical brittle material type (IIL).

Figure 5. Three types of shaped-charge accelerators used in
the artificial-meteor experiments.
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V= %.3 km sec”!

(1) Projectile from disk- type accelerator. The main projectile is formed
from a major portion of the original disk. Few secondary particles
are formed at the velocity of the main particle.

V = 8.5 km sec’!

(IT) Projectile from ductile cone accelerator. The main high-velocity
projectile is formed from a small portion of the cone. The major
portion of the cone is not accelerated to high velocities., A number
of secondary particles are produced at the same velocity as the
main particle.

V = 10.3 km sec”'

(III) Projectile from brittle cone accelerator. The projectile in this case
is a fairly compact cloud of micron-size particles. '

Figure 6. Flashed x-ray photographs of artificial meteoroids in
ground test.
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meteor and, because of differential deceleration of the fine particles, tended
to obliterate the shutter breaks in the last half of the trajectory (terminal
blending). Furthermore, the bulk of the luminosity usually occurred in two
or more nearly equal trails, indicating that the main pellet subdivided after
acceleration or that additional material had been ejected. Because of these
factors, measurements of the mass of the artificial meteoroids formed by
the conical accelerators are less accurate than measurements of the mass

of the artificial meteoroids formed by the disk type.

The Type-III shaped-charge accelerator had a cast-iron conical liner
that produced a compact cloud of micron-sized particles rather than a single
large particle. The velocity increment from this type of accelerator was
approximately 10 km sec—l. Because of the uncertainty in the gross density
of the particle cloud, the total mass of this '"dust ball" could only be esti-
mated from the flashed x-ray photographs.

(a) Front view (b) Side view

Figure 7. Projectile recovered from ground test of Type-I accelerator.
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3. OBSERVATIONS

3.1 Photographic Instrumentation

The optical characteristics of the cameras used in the observations are
presented in Table 2. These cameras were located at four stations on a
north-south array along the coast of Virginia and North Carolina (see
Figure 8). All four stations were used in the Trailblazer experiments. The

station at Coquina Beach, North Carolina, was not used for the Nike-Cajun

launches.
Table 2. Camera optical characteristics.
Camera Focal length Focal
designation (cm) ratio Field of view
Super-Schmidt 20 0. 85 57°
BC-4 30 2.6 30
K-37 30 2.5 40
K-24 18 2.5 40

Four Super-Schmidt meteor cameras were used in the observations:
two at the Wallops Island station, one at Eastville, and one at Sandbridge.
Blue-sensitive single-coated x-ray emulsion was the primary film for these
cameras, although panchromatic emulsions were used to some extent. The
camera at Eastville and one of the cameras at Wallops were equipped with
focal-plane shutters for velocity measurements. In some of the later experi-
ments, the other two cameras were equipped with Fresnel prisms for

spectral measurements.

13
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Figure 8. Map of meteor simulation test range.
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The modified aerial and ballistic cameras of NASA were located at all
four stations. Most of these cameras were equipped with high-speed
panchromatic emulsions. The BC-4 and K-37 cameras used glass plates;

the K-24 cameras used roll film.

Typical photographs of the artificial meteors taken with these cameras

are presented in Figures 9 and 10.

3.2 Ballistic Data

Table 3 summarizes the key ballistic quantities for all 10 meteors. The
geometric reduction for height, velocity, and zenith angle followed the
precision method for photographic meteors (Whipple and Jacchia, 1957).
These data were obtained primarily from photographs taken by the Super-
Schmidt cameras located at Wallops (W) and Eastville (E).

The column heads in Table 3 are self-explanatory, but a few remarks
may be added. In case of terminal blending, the duration of the blended
portion was computed with a constant velocity from the last meaningful
velocity measurement and the distance along the trail. The beginning veloc-
ity refers to the first measurable meteor dash, which usually, but not
always, corresponds to the beginning height. The beginning and end heights
are at the end points of the luminous trajectory. When two fragments from
one meteoric body were reduced (as in the case of meteors 2 and 7) and their
angular separation was small (<2°), mean values of the zenith distances of

their midpoints and radiants (ZR) are quoted.

In general, the meteors from the Trailblazer experiments yielded data
of much higher quality than did the meteors from the Nike-Cajun experiments.
The latter invariably produced meteors with multiple, blended, or diffused
trails, and the data from these experiments were particularly difficult to
analyze. In some cases, luminosity of the shaped-charged detonation con-

taminated the photographic records of the artificial meteors.

15
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Figure 9. Photographs of an artificial meteor.
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Figure 10. Ballistic camera photograph of the reentry phenomena
of a Nike-Cajun experiment.

The following is a brief description of each artificial meteor:

Meteor 1. This was a good meteor, with no blending of the trail.

Velocity measurements were possible over the complete trail.

Meteor 2. This meteor was characterized by multiple reentries and
blending. Velocity measurements were possible only on the central one-

third of the trail.

Meteor 3. This very faint meteor was recorded only by the Super-
Schmidt cameras. Velocity measurements were poor because of blending

of the trail.

Meteor 4. The shaped-charge accelerator detonated at an altitude of
69 km. The meteor trail was less than 2 km long and displayed considerable
lateral dispersion. The trail was partially obscured near peak light by the
shaped-charge detonation. Velocity measurements were possible for the

first one-half of the trail not obscured by the explosive flash.

18



Meteor 5. The shaped-charge accelerator detonated at an altitude of
62 km. The meteor trail was less than 2 km long. A small portion of the
trail was obscured by the flash. There was considerable blending. Velocity

measurements were possible only on the first one-third of the trail.

Meteor 6. This nickel meteoroid fragmented into two major and several
minor objects. The two major fragments produced faint meteors of nearly
the same brightness, velocity, and duration. Velocity measurements were
possible for approximately two-thirds of each main trail. The Super-Schmidt

cameras were the only ones to photograph this event.

Meteor 7. The shaped-charge accelerator that produced this iron dust
meteor was detonated at an altitude of 81 km. The meteor trail showed
some lateral dispersion and blending. The shaped-charge detonation
obscured a small portion of the trail. Velocity measurements were possible

for the first half of the trail.

Meteor 8. This was a good meteor with no blending or dispersion of the

trail. Velocity measurements were possible over the complete trail.

Meteor 9. This was the best of the nickel meteors. There was one
main bright trail with several much dimmer and shorter ones. The main
trail showed very little blending. Velocity measurements were possible

over all of the main trail.

Meteor 10. This was a good meteor and showed no blending nor
dispersion of the trail. Velocity measurements were possible over the

complete trail.

3.3 Photometric Data

Mean light curves for the 10 artificial meteors are given in Figures 11
through 20. In most cases, the curves are the average of two or more light
curves obtained from cameras located at different stations. An estimate of

error for each curve is given by an error bar at peak light.

19



Absolute magnitude

Absolute magnitude

pe

pan

1.0 [

2.0 —

0.2 0.k

Figure 11.

0.6 0.8 1.0

Time (sec)
Light curves for meteor 1.

1.2

1.4

Figure 12.

1.0 2,0

Time (sec)

Light curves for meteor 2.

20



Absolute magnitude

5.0

- §pg\

0.0 0.2 0.k 0.6 0.8 1.0 1.2 1.4 1.6

Time (sec)
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Figure 14. Light curves for meteor 4.
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Figure 16. Light curves for meteor 6.
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Figure 20. Light curves for meteor 10.
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All the photographic (blue-sensitive) light curves labeled M g in the
figures and the panchromatic curve labeled Mpan for the nickel meteor 9
are from the Super-Schmidt photographs. The panchromatic light curves

for the iron meteors are from the NASA camera photographs.

The photometric analysis of the Super-Schmidt photographs was per-
formed at SAO, and that of the NASA camera photographs, at LRC. In both
cases, the analyses followed the general techniques described by Jacchia
(1949). However, there were significant differences in the details of the
data reduction conducted at the two centers. In the SAO method, the meteor
trail images were compared visually with trailed star images on photographs
different from the meteor photographs. A discussion of the SAO method is
presented in Appendix A. In the NASA method, microphotometer traces of
the meteor trail image were compared with similar traces of trailed star
images located near the meteor and on the same photograph as the meteor.
The NASA method is described by Ayers (1968).

The two methods generally produced similarly shaped light curves for
the individual meteors, suggesting that there is no radical differential
change in the luminosity for A < 5000 A as compare(i to A > 5000 A. The
tendency for the panchromatic light curves to have steeper slopes at the
beginning and end of the trajectory — where photometry is more difficult —
is, we believe, more likely to be a systematic error in one or both methods

of photometry rather than a physical effect.

Except for the dust-ball meteors, Nos. 4 and 7, the photographic mag-
nitudes at maximum light are less than the panchromatic values. We have
already noted the difficulty in distinguishing the meteor from the shaped-
charge explosion for those two meteors. Increased red emission in the
explosion gases may produce a panchromatic enhancement that we have
attributed to the meteor phenomena. If so, we have overestimated the

luminosity due to these two meteors.
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4. LUMINOUS EFFICIENCY AND COLOR INDEX

The luminous equation for meteor intensity I is given by

_ 1 2 dm
I=- 5 TV I ¢ (1)
where T is the luminous efficiency factor, V is the velocity, and m is the

mass. Thus,

T
2 I
“m f -z (2)
A"
0
where T is the observed duration of a meteor. Since the values of Iand V
can be obtained directly from the observational data and since m is known for

the artificial meteors (Table 1), equation (2) enables us to calculate T.

The instantaneous meteor intensities were taken from the mean light

curve for each meteor from the relation
M= -2.51logI . (3)

By numerical integration of equation (2), we computed the value of 7 in terms
of cgs units and a zero-magnitude star, Mpg' Extrapolated regions of the
light curve (Figures 11 to 20) indicated by dashed lines were included in the
integration. The results are given in columns 8 and 9 of Table 3 for the

. photographic (pg) and the panchromatic (pan) luminous efficiencies (7). In
some cases (see Notes to Table 3), when trail blending prevented a deter-
mination of the velocity history of the pellet, a constant velocity equal to

the initial velocity was assumed. In this event, T might be underestimated

by as much as 10%.
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The data are very inhomogeneous with regard to their quality and should
not be mixed indiscriminately. We will first discuss the three Type I and one
Type II projectile experiments that produced single trails without blending

and then compare the other results with these superior data.

Color indices of meteors are generally expressed as a comparison of

maximum light observed photographically and visually, i.e.,

C.L(pg,v)=M__-M_ . 4
(pg,v) = M - My (4)

Large observational errors in the visual estimates restrict the use of the
color index to statistical samples of meteors (Jacchia, 1957). With the
present small sample of accurate data, a color index defined by the integrated:
luminosity seems more appropriate since it avoids the vicissitudes of pho-
tometry at a single point. Except for minor changes in velocity along the
luminous trajectory, the integrated intensity is proportional to the computed

values of . We then define
-
C. I (pg, pan) = -2.5 log :I_—P-g-— . (5)

pan

The values are given in Table 3. The mean value for events 1, 8, and 10 is
C.I (pg,pan)= -0.52 . (6)

Ayers (1968) finds that stars photographed by the panchromatic detection

system follow the approximate relationship
C.IL (pg,pan) = 0.38 C. I (pg,v) . (7)

If we apply this formal relationship to the color index observed for the
artificial meteors, we obtain C.I (pg,v) = -1.4, in good agreement with
Jacchia's determination of C. I (pg,v) = -1.5 for natural meteors. The
importance of the similarity should not be overemphasized since it is derived

under the questionable assumption that the spectral distribution of the meteor,
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an emission line source, can be compared with an approximate blackbody
source such as a star. Nevertheless, since the observations of both sets of
objects in the three detection systems (photographic, visual, and panchro-
matic) extend over such a broad and overlapping spectral range, it would
have been surprising if there were not a reasonable agreement between the
two methods of color determination. We accept the agreement as an indi-
cation that large systematic errors are unlikely in the color-index data of

either the artificial or the natural meteors.

4.1 Velocity Dependence

The data show a clear trend of increasing T_ _ with increasing velocity.
Combining the results of the four unblended meteors, including meteor MS,
in a least-squares solution of the form

logT=a+nlogV |, (8)
we find

n=1.9+0.4 |,

where the quoted error is the standard deviation. If, on the other hand, we

accept from natural-meteor observation that n= 1 and that
T=T,.V |, (10)
where To the luminosity coefficient, is a constant, then

log T, = -18.03 + 0. 07

in cgs units and zero magnitude. This can be compared with log To = -18.1

determined from the MS experiment alone.
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The corresponding value for the panchromatic observations of meteors 1,
8, and 10, on the assumption that the color index is -0. 52 and independent of

velocity, is log T = -18. 22.
pan

The remaining Type-II iron accelerators, events 2 and 5, both produced
multiple and blended trails that made photometry and velocity determination
difficult. In addition, meteor 5 was launched at an unplanned low altitude,
and the trail is confused by the shaped-charge explosion. The color index of
both trails is consistent with that of the Type-I events, but the total luminosity
exceeds by factors of 3 to 5 that expected from extrapolation of the Type-I
events. We think it unlikely that errors in the photometry are responsible for
any discrepancy beyond a factor of 1. 5. It is certain, from the photographic
evidence, that much of the debris produced by the shaped charge entered with
the major pellet(s). We believe that an underestimate of the effective mass
of these objects is the primary cause of the discrepancy. The remaining
possibilities are the following: 1) Type-I single-body objects are less
efficient light producers, possibly because they have a larger fractional
terminal mass than the smaller fragments of Type II or 2) the luminous
efficiency in fact increases again at the lower velocities at which these
objects reentered. Results of Type-IIl events discussed below suggest that
the first possibility is unlikely. The second is implausible on the face of it,
and, if true, would require that this remarkable behavior occurred abruptly
between 9.6 and 9. 8 km sec:_l (the lowest velocity obtained with a Type-1

accelerator).

The Type-III dust-ball accelerator events (4 and 7) show a slight positive
color index. We suppose this to be due to a more severe contamination of
the meteor in the red region of the spectrum by the explosion gases. In
Figures 14 and 17 the panchromatic intensities exceed the photographic only
during that first portion of the meteor adjacent to the shaped-charge explo-
sion. The photographic luminous efficiency exceeds that of Type-I experi-
ments by about 50%. The uncertainty in the mass (33%) and that in the
photometry of these short, broad trails (50%), together with a contamination
of the explosion in the blue region, are more than sufficient to explain the

discrepancy.
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The data for nickel are both sparse and weak but they do suggest a
behavior different from that of iron in the meteoric process. A color index
is available from only one meteor (event 9: C. I (pg, pan) = -0. 8), slightly

smaller than the mean value for iron.

All the nickel events (3, 6, and 9) show multiple trails or blending.
Since it is easier to launch an integral pellet of nickel than one of iron, the
occurrence of these phenomena indicates to us that the main mass is also
accompanied by debris. By analogy with the results of the iron experiments 2
and 5, we suspect that the effective mass of the meteoroids may be larger than
the masses quoted for the main pellet and that the luminous efficiencies are
overestimated. If we compare results from Type-II nickel and iron experi-
ments, we find that the luminous efficiency of nickel is about 1/3 that of iron

at V=10 km sec—l

The velocity range in the nickel experiments was small, and any
determinations of velocity dependence of T may be questioned. The best fit
to the tabulated data gives n = 6 in equation (8) 4(see Figure 21). Blending
is most severe on the low-velocity events 3 and 6. If the errors in effective
mass are larger for these than for meteor 9, then the velocity exponent n

given above is a lower limit.
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Figure 21. The luminous efficiency of iron as a function of
meteor velocity.
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5. DISCUSSION AND CONCLUSIONS

FST have observed the luminosity of iron particles of submicron diam-
eters with velocities from about 20 to 40 km sec-l. They obtained broad-band
spectral data on some of their experiments. Using the observed spectr;l
distribution of a particular natural meteor, they were able to make a rough
conversion of their luminosity measures to the photographic system. They

determined that

T g(Fe) = 4 10713

and is independent of velocity. When this result was compared with that
from the artificial meteor data then available (meteor MS), a factor of 2
discrepancy was noted. Considering the difficulty of both experiments, this
was properly judged to be reasonable agreement. With the addition of the
new data presented here, the discrepancy between the two determinations
has increased to a disturbing factor of 4 or more (see Figure 21). We can-
not conceive of a physical cause that would produce a rapid decrease in the
luminous efficiency in the unobserved velocity range 16 < V< 20 km sec_l
The disparate results must certainly be due to errors in one or both of the
experiments or to important physical differences between them. The labora-
tory experiments appear to us to have been exceedingly well controlled,
especially so when compared with the artificial meteors. We do not think
the answer lies in that direction. The artificial-meteor results depend both
on the assumption concerning the relative luminous efficiencies of iron to
other elements present in the pellet (for events MS and 1) and on the actual
mass entering into the light production. Composition effects, as discussed
by MS, are too small to produce the discrepancy. In events 8 and 10 there

are no compositional differences.
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Type-I accelerators produce the most reliable masses. The absence of
any visible debris or blending confirms that a single pellet was responsible
for the great majority of the light. The preacceleration mass of the pellet
for meteors MS and 1 is less than three times the mass of that part assumed
to have reentered. This sets an absolute limit to the correction that can be
applied to reduce the luminous efficiency by a mass error. No ground tests
of the-accelerator show the mass error to exceed 1.2. The improved ductile
cone accelerator used for event 10 does not have the same reliability as the
Type-I accelerator, but the optical evidence strongly suggests that the
particular device used behaved in a nominal manner. Debris and blending
are absent, and we believe the datum obtained from this flight is valid. If
we ignore it, we still remain with a discrepancy of about a factor of 3

between the laboratory work and the flight experiment.

Finally, following the justifications given by MS, we assume that all the
mass is consumed in the meteor process. Our results therefore are lower
limits of the luminous efficiency. Any terminal mass effect will be more
important at low velocity. A correction for terminal mass may change the
velocity dependence toward that suggested by the laboratory experiments,

but at the expense of an increased discrepancy in the values of T

We conclude that substantial physical differences exist in the light-
production process in the two types of experiments. FST recognized this
possibility and pointed out that collisional deéxcitation occurring in their
high-pressure environment (= 0.1 atm) might cause a decrease in their
measured luminous efficiency. We believe that the atmospheric tests demon-

strate this to be true.

FST give an absolute luminous efficiency (the ratio of luminous energy
to kinetic energy) in the phctographic region of 0.006. From our experimental
results, we would increase this to 0.025 for 20 km sec—l. At this velocity,
iron atoms possess about 100 ev with respect to the atmospheric molecules.
Since iron radiation represents transition from levels about 2.5 ev above

the ground state, the luminous efficiency of 0.025 results if each atom is
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excited once. Quenching this radiation in three out of four excited atoms by
deexciting collisions is required to explain the laboratory results. Cross
sections for this process are unknown at these velocities. They are probably
larger than the excitation cross section, but they almost certainly decrease
with decreasing velocity. Since deexcitation occurs, of necessity, only after
the atom has lost some velocity, the full effect of the larger deexcitation
cross section will not be realized. The important factor in any quenching
process is the number of collisions possible before spontaneous emission.
The gas kinetic collision frequency at 0.1 atm, after the first few collisions
have reduced the iron atoms to nearer thermal velocities, will be about

lO9 sec_l. The corresponding number at our meteor altitudes is only 105

to 106 sec-l. For the important iron lines — for. example, multiplet No. 5 —
the spontaneous emission probabilities are of the order to 2 X 107 sec_1
(Corliss and Tech, 1968). It is therefore plausible that collisional deexcita-

tions could be important for the high-density experiments and negligible for

the actual meteoric case.

Figure 21 shows a "'best-guess'' curve for Tpg (Fe). We have combined
results from all the data given therein to obtain this relationship. At high
velocities we have accepted the FST velocity dependence but have increased
their value of Tpg by a factor of 4. 5 to account for quenching. At low velocity
we have imposed a steep velocity dependence that fits the observed iron data.
We note that the nickel results, though weak, support this trend. It should
be perfectly apparent from the probably errors in Tpg (Table 3) that the
best-guess curve is not uniquely determined. We present it as a first

approximation that should be improved rather than used.

Retreating one more step from known facts, we have also proposed a
T _vs. V relationship for meteoric material of stony composition. We have

pg
assumed that

A. The iron abundance of the material is 15% by weight and iron is the
only radiator in the photographic region at velocities below 20 km secn1
At these low velocities we take the luminous efficiency of stone as 15% that

of iron.
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B. As the velocity increases above this limit, other elements become
increasingly important. This assumption is consistent with the general
characteristics of bright—meteor spectra. For intermediate velocities
(20 < V < 30), we propose a monotonic departure from the constant value of
the corrected FST result.

C. The n= 1 velocity dependence on T_ _derived from natural meteors is
accurate for velocities above 30 km sec—l. The relationship for intermediate
velocities is faired to reach this dependence at 30 km sec—l. A possible
relationship embodying these factors is shown in Figure 22. As is the case
for iron, the curve is intended for heuristic purposes only. Values for Tpg
for Harvard Meteors 19816 and 1242 are shown for comparison. These are
derived from the published value of log Ty = -18.91 (Cook, Jacchia, and
McCrosky, 1963), assuming equation (10)to be valid. The agreement with our

curve is acceptable.
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meteoritic stone as a function
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APPENDIX
SUPER-SCHMIDT PHOTOMETRY OF ARTIFICIAL METEORS

The meteor light curves were obtained with the technique described by
Whipple and Jacchia (1957). The apparent magnitudes of the meteor dashes
(shutter openings) on the original films were estimated by visual comparison
with out-of-focus trailed star images in the Harvard Standard Region C3 at
a = 5h, 6 =+ 15°. The comparison films were taken on good nights at
Wallops Island on x-ray and panchromatic emulsions identical with those
used for the reentry observations. True magnitudes and colors of the C3
standard stars were photoelectrically determined at Harvard's Agassiz

Station by one of us (CYS). The panchromatic magnitudes of these stars

were obtained by a calibrated relation (McCrosky and Posen, 1968)

m =V+0.3B-YV) , (A-1)
pan
where V is the yellow magnitude and B - V the color index in the U,B,V
system; both quantities are available for most C3 stars from the Agassiz

photometry.

To avoid systematic errors, the meteor dashes were always compared
with star trails of similar length and degree of diffuseness. Because a
meteor dash is often wider than a star trail of similar density, the effect
of the relative trail widths was taken into account where necessary. The
apparent meteor magnitudes were also corrected for the atmospheric
extinction by the same method as was used by MS. The extinction correction
was particularly important for the Trailblazer meteors that reentered at
very low elevation angles. Hence, for meteors 1, 8, 9, and 10, the nightly
extinction coefficient for each station was solved by use of 15 to 20 non-
variable A-type stars on the calibration films taken for this purpose

immediately after each reentry exposure. For the first three Nike-Cajun



launches, however, estimated coefficients, usually 0.3 to 0.4 mag per air
mass in the blue region, were used in the reduction. Because the Nike-
Cajun reentries never occurred at very large zenith distances from the
stations (Table 3), the error due to an inexact extinction term could hardly
exceed 0.2 mag. Meteor 10 was observed through four air masses and
close to a region of obscuring clouds. Thus, the C3 stars as well as local

stars in the immediate vicinity of the meteor were used in the photometry.

To reduce the apparent magnitudes to the absolute magnitudes at 100-km
range, the usual corrections for the trailing velocity, the distance of the
meteor from the film center, and the reciprocity failure of the emulsion
have been made. The reciprocity correction to the panchromatic light curve
of meteor 9 was +0. 7 mag; no correction was applied to the photographic
magnitudes. The shutter breaks (shutter closings) of several meteors were
obliterated and the dashes blended together because of fragmentation of the
meteoric body. Hence, a correction for this effect was required. The cor-
rection was estimated according to the last measured velocity and the reduced

effect of shutter occultation on the meteor luminosity.

In general, all curves obtained from the two-station data exhibit reason-
able agreement in magnitude scale and in shape. However, because the eye
is not sensitive to small rapid-intensity variations, visual photometry tends
to smooth out fine details. Finally, for each meteor we adopted a free-hand
mean light curve that was used in the subsequent analysis of the luminous

efficiency.
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